Abstract-Injection of massive quantities of noble gases or D 2 has proven to be effective at mitigating some of the deleterious effects of disruptions in tokamaks. Two alternative methods that might offer some advantages over the present technique for massive gas injection are "shattering" massive pellets and employing closecoupled rupture disks. Laboratory testing has been carried out to evaluate their feasibility. For the study of massive pellets, a pipe gun pellet injector cooled with a cryogenic refrigerator was fitted with a relatively large barrel (16.5 mm bore), and D 2 and Ne pellets were made and were accelerated to speeds of ~600 and 300 m/s, respectively. Based on the successful proof-of-principle testing with the injector and a special double-impact target to shatter pellets, a similar system has been prepared and installed on DIII-D and should be ready for experiments later this year. To study the applicability of rupture disks for disruption mitigation, a simple test apparatus was assembled in the lab. Commercially available rupture disks of 1 in. nominal diameter were tested at conditions relevant for the application on tokamaks, including tests with Ar and He gases and rupture pressures of ~54 bar. Some technical and practical issues of implementing this technique on a tokamak are discussed.
I. INTRODUCTION
Disruptions in tokamaks and the resulting detrimental effects on vessel components are key elements in severely limiting the lifetime of these fusion devices. The large heat loads generated have the potential to destroy plasma-facing components by extreme localized heating. In addition, the forces generated by the halo currents when the plasma strikes the wall may damage both the first wall components and the underlying structural supports. An additional hazard facing high-current devices is the generation of large runaway electron currents produced during the plasma current decay [1] . Disruption avoidance is clearly the preferred method of minimizing disruption damage, but some disruptions will always occur.
Experiments have been carried out in DIII-D [2] [3] [4] [5] and other tokamaks [6] [7] [8] [9] to test the mitigation capability of the injection of massive amounts of gas (most commonly noble gases such as Ne or Ar). In the experiments, single or multiple fast valves have typically been used to inject the gas via ports on the machine. On DIII-D, >10
22 molecules of gas have been injected into single plasma discharges via fast solenoid valves [5] . Both the heat load to the divertor and the forces to the first wall were reduced by more than a factor of four. The total electron densities (free and bound) of ~10 21 m -3 were about 10 to 20% of that calculated to prevent avalanche multiplication of runaway electron currents during the current ramp-down.
Impurity pellets have also been tested and show some promise for disruption mitigation. However, very large pellets are needed to get the density high enough to prevent the large runaway electron currents. The large pellets have the potential to cause first-wall damage themselves if they are not fully ablated by the plasma. In Section II, proof-of-principle tests are described in which the largest pellets to date in the fusion research program (16.5 mm diam) were frozen, accelerated to relatively high speeds, and effectively shattered into small benign fragments. A similar system for DIII-D has been prepared, tested in the lab, and installed on the machine.
A rupture disk represents the "ultimate" fast valve and is capable of delivering the highest possible gas flow rates. The use of such devices close-coupled to the plasma boundary on DIII-D has been proposed [10] as a possible technique for massive gas injection and disruption mitigation experiments. Some preliminary tests have been carried out in the lab. Setup and test results are presented in Section III.
II. MASSIVE PELLETS

A. Equipment and Operations
A laboratory pipe-gun test facility [11] cooled with a cryogenic refrigerator was used for the proof-of-principle test, and an existing pipe-gun injector [12] cooled directly with liquid helium was used for the application on DIII-D. A photograph and a schematic of the injector as configured for DIII-D are shown in Fig. 1 ; the schematic is generic and relevant for both systems. The pellet is frozen from roomtemperature gas supplied from the 2.2-L vessel, which is initially filled to ~2 bar (PE2). The motorized metering valve (V6) is opened slightly to allow the gas to bleed into the gun ______________________ *The submitted manuscript has been authored by a contractor of the U.S. Government under contract DE-AC05-00OR22725. Accordingly, the U.S.
Government retains a nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or allow others to do so, for U.S. Government purposes. barrel from both upstream and downstream sides. The gas freezes in the freezing zone as established by the attached copper section, which is cooled by either a cryogenic refrigerator or by flowing liquid helium (typically from a pressurized dewar). It is very important to restrict the gas flow and the corresponding pressure (PE6) during the freezing process. If the pressure is allowed to exceed ~50 Torr at any time, it is likely that enough heat will transfer into the frozen material to result in an instantaneous melting/vaporization. This was more of a problem for the initial tests with the cryo-cooler because the freezing temperature was relatively high (12 to 14 K); the pellet solidification process would take about 1 h for D 2 pellets and even longer to freeze Ne pellets. Direct cooling with liquid He can easily produce temperatures as low as 5 K, and the formation time for D 2 pellets is cut to 10 to 20 min. After the pellet is frozen, the downstream gate valve (V3) is opened, and the pellet is shot by pulsing the fast solenoid valve operating with H 2 or He gas at 70 bar.
B. Experimental Test Results
The main objective of the proof-of-principle tests was to demonstrate that large pellets could be made and accelerated reliably. Typically, pellet photographs are taken at the barrel exit and are triggered by the pellet breaking a light gate diagnostic. However, that technique did not work with the large pellets because the pellets were obscured within large, opaque gas clouds. A different technique was employed to capture some photographs of pellets exiting a final downstream guide; photos were captured by using a strobe lamp (~1 µs flash) triggered by the shock on a target plate of small debris accompanying the pellet. For the technique to work, some of the debris had to be ahead of the pellet. Four photographs of D 2 pellets traveling at ~600 m/s are shown in Fig. 2 . The slower speed of 570 m/s for shot 2475 is a result of limiting the amount of propellant gas to 1000 Torr-L (typically, twice that amount was used). The raw transient data for a test shot with the final DIII-D injector system is shown in Fig. 3 . For that pellet shot (8085), the pellet speed is 520 m/s, as determined by the flight time (1.73 ms) to travel the distance from the mass detector to the target ( 0.9 m). The lower speed is attributed to the use of He propellant gas, which has a lower sound speed; He is the preferred propellant for the DIII-D application. The mass detector consisted of a cylindrical microwave cavity operated in the TM010 mode and is similar in operation to those discussed in [13] . Because of the large frequency shift expected with such a large pellet (>2 MHz), the cavity needed to have a broad frequency response (low quality factor, Q). The cavity consisted of a standard stainless steel four-way reducer cross with 15.2 cm and 6.99 cm flanges. The inside diameter of the cavity was 9.74 cm, and the length of the cavity was 21.95 cm. It was operated at 2.35 GHz and had a Q of 340. During the proof-of-principle tests, Ne pellets were also made and were accelerated with H 2 propellant gas. The pellet speeds were about half (or slightly less than that) of speeds recorded for D 2 pellets.
C. Double-Impact Target
In the initial testing, it was discovered that relatively large pellet fragments could survive 45º impacts on a simple stainless steel target plate (Fig. 2) . Aluminum foil sheets of various thicknesses were used to intercept the debris field from pellet impacts on the target. The results, as determined by impressions in the foil, clearly indicated the sizes and angular distribution of the particles. Thus, a special target to ensure effective shattering of the pellets was designed, fabricated, and tested. A schematic of the double-impact target and a photograph of the output is shown in Fig. 4 . The second impact is upon a plate with a V-groove shape, which helps to minimize dispersion and helps to direct the pellet in a particular path (for instance, toward the center of the plasma on DIII-D). The photograph in Fig. 4 shows the debris cloud exiting from the end of the V-groove section of the target. The special target performed well in lab tests, and an assembly incorporating the target and a guide tube has been installed inside DIII-D.
D. Injector System on DIII-D
A pellet injector system for massive pellets has been installed on DIII-D (Fig. 5) and will be available for future experiments.
III. RUPTURE DISKS
A simple test apparatus (Fig. 6) was assembled in the lab to test commercially available rupture disks at conditions relevant for application on tokamaks. Standard 1-in. Inconel rupture disks with a burst pressure of 54 bar and a small pressure vessel (0.067 L) to accommodate the disks were procured, and experiments were carried out with Ar and He gas. The length (140 cm) and bore size (0.46 cm) of the interconnecting tube were chosen to be representative of actual values required to accommodate placement of the rupture disk device close to the plasma boundary and the supply vessel outside the vacuum boundary.
For a test, the entire system is prefilled to 42.4 bar by opening both valves shown in Fig. 6 . Next, the pressure in the 1-L vessel is taken to 70 bar. The rupture event is initiated by pulsing the fast solenoid valve (opening time ~20 to 40 ms), resulting in a rapid rise of pressure in the test vessel with a rupture event soon following. In Fig. 7 , the transient data for six tests are shown in a plot of the vessel pressure vs time. Although some thermal effects are observed on the pressure transducer signals (as evidenced by the variations in the steadystate values after the event), the key parameters of interest are the rupture times, which are clearly identifiable for each event.
As expected, the ruptures occur significantly earlier with the He gas (a result of the higher sound speed). However, the maximum variation observed in the rupture time for the Ar tests is about 50 ms. Without better reproducibility than that or even the ~5 ms observed with He, it would be difficult to use rupture disks for plasma disruption experiments on DIII-D, in which variations of less than a few milliseconds are desirable.
Another technical issue identified in the testing is the average mass loss of 0.5 mg from the Inconel disks (~5 × 10 18 atoms of Ni/Cr) measured for each test. A significant fraction of the lost mass ends up as impurities in the plasma. In addition to those technical issues, a few practical issues should be considered. It would be difficult to get more than one or two rupture disk assemblies inside the port presently used for massive gas injection on DIII-D. That constraint would really limit the number of experiments that could be carried out in a reasonable time frame. Also, a change-out of rupture disks requires a machine vent.
